highlands at an altitude of 6,100 m and are typical animals adapted to high-altitude among mammals of the world [1] . These animals have a long history of habitation at high-altitudes and are considered to be "animals completely adapted to high-altitude" because of their physiological and morphological traits that are well adapted to high-altitude environments.
weight (LVW), right ventricular weight (RVW), and blood gas profile. The principal findings of this study are: (1) Ht, an index of right ventricular hypertrophy (RVW/LVW), and oxygen consumption (V O 2 ) were significantly lower in the blue sheep compared with the pigs; (2) When the animals were exposed to simulated-altitudes at 0, 2,300, and 4,500 m, Ppa increased significantly in tandem with altitude elevation in both species, but the increases were significantly smaller in the blue-sheep; and (3) Ppa/Psa, an index of the right ventricular load, increased with the altitude in both species, but the increases were smaller in the blue sheep. From these observations, low Ht and RVW/LVW and significant attenuation of hypoxic pulmonary vasoconstriction (HPV) in the blue-sheep is considered to be characteristics of animals completely adapted to high-altitudes, such as the pika. [The Japanese Journal of Physiology 53: [377] [378] [379] [380] [381] [382] [383] [384] 2003] ventricular hypertrophy. These responses show marked individual and species differences [2] . HPV and pulmonary vascular remodeling are completely different in regard to the response to hypoxia in pulmonary circulation. Also, acute and chronic hypoxia is different stimuli to pulmonary circulation. Our previous experiments using the pika characteristically showed minimal pulmonary hypertension, minimal right ventricular hypertrophy, lower Ht, and weaker HPV among various kinds of animals [3] . We accomplished this study to assess our hypothesis that bluesheep, a larger animal than a pika, has other mechanism(s) than those of pika to adapt to high-altitudes in regard to pulmonary circulatory response. We also used pigs as controls for comparably strengthening the hypoxic response of blue-sheep.
MATERIALS AND METHODS
Adult seven male blue-sheep weighing 33.3Ϯ1.3 kg and adult five male pigs weighing 50.2Ϯ1.8 kg were used. The animals, which were living in Qinghai Province (3,000 m above sea level), were transported to the Qinghai High Altitude Medical Science Institute (2,300 m above sea level), Xining, China. After the measurement of the body weight, the animals were anesthetized with an intramuscular administration of xylasine hydrochloric acid (0.3 ml/kg, Bayer Pharmaceutical Co.). Through a right neck incision, a No. 8 cordis catheter sheath introducer and a silicon catheter were inserted for later passage of a Swan-Ganz catheter and systemic arterial pressure (Psa) measurement, respectively. A 7F Swan-Ganz catheter was advanced via the cordis to measure the pulmonary artery pressure (Ppa), pulmonary artery wedge pressure (Wedge P), and cardiac output (CO).
Experiments were started after a full recovery from the anesthetic state. All physiological measurements were made with the animals awake and standing. Catheters for measurements of Ppa and Psa were connected to a pressure amplifier (UNIPULSE, Japan) via a blood pressure transducer (P10Ez-1, Nihon Kohden Co., Japan). The zero level for transducers was taken at the level of the left atrium. CO was measured by a thermo dilution technique of at least three injections of 5 ml of cooled normal saline and the use of a cardiac output computer (9520A, American Edwards Laboratories, USA). Pulmonary vascular resistance (PVR) and systemic vascular resistance (SVR) were calculated by the following equation. PVRϭ(PpaϪ Wedge P)/CO and SVRϭPsa/CO, respectively. Ppa/Psa was also calculated. It is clear in the following equation that Ppa/Psa indicates the ratio of the right ventricular work rate (RVẆ ) to the left ventricular work rate (LVẆ ). RVẆ /LVẆ ϷPpaϫCO/Psaϫ COϭP pa /P sa .
Arterial and mixed venous blood pH, PO 2 , PCO 2 , and SO 2 were measured on a blood gas analyzer (iSTAT Co., USA) with an EG7 cartridge. Blood samples were drawn from the systemic artery and Swan-Ganz catheter. Oxygen consumption (VO 2 ) was calculated from the results of blood gas analysis by using the following equation based on Fick's methods, VO 2 ϭCOϫ(CaO 2 ϪCvO 2 ) and CO 2 (ml/dl)ϭ1.34ϫHb (g/dl)ϫSO 2 (%)/100ϩ0.0031ϫPO 2 (mmHg). In these equations, CaO 2 is the arterial blood oxygen content, CvO 2 is the venous blood oxygen content, Hb is the hemoglobin concentration, SO 2 is the oxygen saturation, and PO 2 is the partial oxygen pressure.
The animals were placed in a large climatic chamber (9.3 m long and 68 m 3 ) in which the atmospheric pressure could simulate altitudes of 0, 2,300, and 4500 m above sea level. Baseline measurements were performed in a resting state at 2,300 m. Tha environmental conditions were then adjusted to 0, 2,300, and 4,500 m. The animals were exposed first to 0 m and sequentially returned to 2,300 m. Finally, the animals went up to 4,500 m from 2,300 m. The simulated-altitude was changed at a rate of 150 m/min. The interval for reaching another simulated altitude was about 20 min. Hemodynamic measurements and blood gas analyses were performed at least 20 min after each of the three altitudes was reached.
After physiological measurements, the heart was excised and the ventricles were separated into the left ventricle (including the septum) and into the right ventricle according to Fulton's method [4] . The left ventricular weight (LVW) and right ventricular weight (RVW) were then measured. The total ventricular weight (TVW) was calculated by LVWϩRVW and the ventricular weight ratio (RVW/LVW) was also calculated as an index of right ventricular hypertrophy.
During the experiment, the temperature and relative humidity in the climatic chamber were maintained at 20Ϯ1°C and 50Ϯ3%, respectively.
The animal care and experimental protocol were approved by a committee of the Qinghai High Altitude Medical Institute.
In statistical analyses, the values obtained were expressed as the meanϮstandard error (SE), and the data were compared by a t-test and an analysis of variance (ANOVA) at the 5% level of significance. Table 1 shows the ventricular weights, Ht and oxygen consumption in blue-sheep and pigs at 2,300 m. The body weight (BW) was 33.29Ϯ1.26 kg in the blue-sheep significantly smaller than the 50.20Ϯ 1.82 kg in the pigs. The weight ratio of the right ventricle to the left ventricle (RVW/LVW) was 0.29Ϯ 0.003 in the blue-sheep and 0.37Ϯ0.02 in the pigs, indicating that the degree of right ventricular hypertrophy was significantly smaller in the blue-sheep. The Ht was 36.14Ϯ0.35% in the blue sheep but 38.26Ϯ 0.95% in the pigs, and the oxygen consumption (VO 2 ) was 4.75Ϯ0.36 ml/min/kg in the blue-sheep but 6.69Ϯ0.39 ml/min/kg in the pigs, both also significantly smaller in the blue sheep. Table 2 shows changes in the pulmonary hemodynamics when the animals were exposed to simulatedaltitudes at 0, 2,300, and 4,500 m in the climatic chamber.
RESULTS

Comparison of ventricular weights, Ht, and oxygen consumption
Comparison of effects of exposure to high-altitude conditions on the pulmonary hemodynamics
Ppa increased progressively to 15.89, 17.52, and 25.26 mmHg in the blue-sheep as the altitude elevated from 0 to 2,300 m and then to 4,500 m and a significant difference was observed between 0 and 4,500 m (pϽ0.05). It also increased from 23.80 to 29.95 and to 41.40 mmHg in the pigs revealing a significant difference between 0 and 4,500 m ( pϽ0.05). Furthermore, it was significantly lower (pϽ0.05) in the blue-sheep than in the pigs at all altitudes ( Table 2 ). Figure 1 shows changes in ⌬Ppa associated with elevations of the altitude relative to the values at 0 m. As this figure clearly shows, ⌬Ppa increased with elevations of the altitude in both species, but the increase (slope) was milder in the blue-sheep. Consequently, significant differences (pϽ0.05) were observed in Ppa between the two species (Table 2) . Psa showed no change associated with elevations of the altitude in either species. However, it was significantly smaller (pϽ0.05) in the blue-sheep than in the pigs at all altitudes. The change in ⌬Psa associated with an elevation of the altitude relative to the value at 0 m showed no change with the High-Altitude Adaptation in Mammals altitude or difference between the species (Fig. 2) . Figure 3 shows the relationship between RVW/LVW and Ppa/Psa in the blue-sheep and pigs at 2,300 m. As described in relation to an equation in the methods section, Ppa/Psa represents the ratio of the right ventricular work rate to the left ventricular work rate. A close correlation (rϭ0.80, pϽ0.01) was observed between RVW/LVW and Ppa/Psa. However, the bluesheep were distributed around the lower part on this regression line, indicating that Ppa/Psa and RVW/LVW were both smaller in the blue sheep than in the pigs. Figure 4 shows changes in Ppa/Psa as the altitude changed. It increased with elevation in both species, but the values of the blue-sheep were smaller than those of the pigs at all altitudes. Also, the slope of its increase was milder in the blue-sheep. CO and HR increased slightly with altitude elevations in both species but absolute HR was significantly smaller which revealed a significant difference between 0 and 4,500 m (pϽ0.05). In the pigs it also increased with altitude elevation, from 3.79Ϯ0.31 to 4.74Ϯ0.32 and to 6.52Ϯ0.45 at the respective altitudes, and the difference between 0 and 4,500 m was significant (pϽ0.05). The values in the blue sheep were significantly smaller (pϽ0.05) than those in the pigs at all altitudes, and the rates of their increases with altitude (slope) elevation were also smaller in the blue-sheep. SVR, however, showed no change at different altitudes in species or difference between the species. Table 3 shows the results of blood gas analyses in the animals exposed to simulated altitudes at 0, 2,300, and 4,500 m.
Results of blood gas analyses
Hb showed no change associated with the altitude in the blue-sheep or pigs. However, its absolute values were significantly lower in the blue-sheep, reflecting the significantly lower hematocrit. PaO 2 decreased markedly with altitude elevations in both species. In the blue-sheep, it decreased from 90.00 to 56.86 mmHg and to 36.43 mmHg as the altitude elevated from 0 to 2,300 m and 4,500 m. In the pigs, it also decreased significantly (pϽ0.05) from 73.00 to 47.25 mmHg and to 30.00 mmHg. Between the species, it was significantly higher (pϽ0.05) in the blue-sheep at all altitudes. SaO 2 also decreased markedly with altitude elevations. It decreased significantly (pϽ0.05) from 97.86 to 92.86% and to 79.86% in the bluesheep and from 96.25 to 88.25% and to 71.50% in the pigs. The difference in SaO 2 between the species was small at 0 m but it widened as the altitude elevated to 4.6% at 2,300 m and to 8.4% (pϽ0.05) at 4,500 m, and the values were always higher in the blue-sheep ( Fig. 5) . pHa was 7.53 in the blue-sheep and 7.54 in the pigs at 0 m, but it increased to 7.58 and 7.61, respectively, with elevation of the altitude to 4,500 m. These increases in pHa were 0.05 in the blue-sheep and significantly greater, 0.07 in the pigs (pϽ0.05) (Fig. 6 ). 
High-Altitude Adaptation in Mammals
DISCUSSION
Since the blue-sheep are distributed in the highlands to an altitude of 6,100 m [1] , and at high-altitudes has been long, they are considered to be completely adapted to high-altitudes. Therefore, to evaluate the characteristics of the adaptation of blue-sheep to highaltitudes, we exposed them to simulated-altitudes of 0, 2,300, and 4,500 m, using the climatic chamber at the High Altitude Medical Institute (2,300 m), Qinghai, China. The following results were obtained. (1) The Ht, heart size, degree of right ventricular hypertrophy, and oxygen consumption were significantly smaller in the blue-sheep compared with pigs inhabiting at the same altitude (3,000 m). (2) When the animals were exposed to simulated-altitudes of 0, 2,300, and 4,500 m, marked differences were observed in the pulmonary circulation, such as pulmonary artery pressure, pulmonary vascular resistance, and ratio of the pulmonary arterial pressure to the systemic artery pressure. However, no change was observed in either species in the systemic circulation, such as cardiac output, systemic arterial pressure, and systemic vascular resistance. The altitude-dependent changes in pulmonary circulation were always smaller, and their increases as the altitude increased were smaller in the blue sheep. These results suggest that HPV is markedly weaker in the blue-sheep than in the pig. (3) The arterial blood partial oxygen pressure and arterial blood oxygen saturation decreased with altitude elevation in both species, but their absolute values were higher in the blue-sheep at all altitudes. The pH in-creased with an elevation of the altitude in both species, but its increases were smaller in the bluesheep, suggesting that the effect of respiratory alkalosis resulting from hyperventilation under a hypoxic condition was smaller. Thus, blue-sheep has almost the same mechanism for adaptation to high altitude as that of the pika [3] and of Tibetans [5] . Generally, when animals are exposed to a high-altitude environment, pulmonary hypertension, and right ventricular hypertrophy are induced. The following two factors are considered to be possible causes of these phenomena: (1) constriction of the pulmonary capillaries because of hypoxia (hypoxic pulmonary vasoconstriction, HPV) and (2) an increase in the Ht as a result of an increase in red blood cells. HPV, confirmed in 1946 by an experiment by Von Euler [6] that used cats, is marked pulmonary hypertension resulting from constriction of the pulmonary artery during pulmonary ventilation at a low oxygen concentration. Many reports have since appeared, and HPV was shown to be observed regardless of the animal species, induced also by the migration of animals to high-altitude regions as well as by exposure to a low atmospheric pressure. Although HPV plays an important role in the control of pulmonary circulation during hypoxia, the mechanism of its occurrence remains unknown. On the other hand, the increase in the Ht because of an increase in red blood cells mentioned in (2) increases the blood viscosity, and this increased viscosity is considered to affect the pulmonary circulation to induce pulmonary hypertension. This view is supported by reports that the degree of right ventricular hypertrophy depends on the ambient temperature in animals inhabiting at the same altitude and were correlated with changes in the Ht [7] , that the pulmonary arterial pressure increases more markedly than the systemic blood pressure when the hematocrit is increased artificially by red cell transfusion [8] , and that polycythemia caused by the administration of cobalt chloride induces right ventricular hypertrophy [9] .
As observed above, the interaction between HPV and an increase in the blood viscosity because of an increase in the Ht appears certain to be involved in pulmonary hypertension and right ventricular hypertrophy observed at high-altitudes. Therefore analysis of these two factors is considered to be needed for elucidation of high-altitude pulmonary hypertension and right ventricular hypertrophy.
The increased pulmonary artery pressure or right ventricular hypertrophy at high-altitudes has been reported to vary widely among species and individuals of the same species even when they are exposed to the same altitudes [2, 5, [10] [11] [12] [13] [14] [15] [16] . Reeves et al. [2] reported species differences in the increase in the pulmonary artery pressure resulting from chronic exposure to a high-altitudes; although pulmonary hypertension induced by exposure to high-altitudes was remarkable in the cow and horse, it was minimal in the llama, dog, sheep, and rabbit. It was also shown that there are two types of cows, i.e., the susceptive type, which shows marked increases in the pulmonary artery pressure when exposed to high-altitudes and the resistant type, which is less responsive to changes in the altitude [2] . Genetic factors have been suggested to play important roles in this sensitivity to exposure to a high-altitude, and cows of the susceptive type die after developing right heart failure because of marked pulmonary hypertension. Similar differences in the responsiveness to hypoxia are observed also in humans, and some individuals develop marked pulmonary hypertension, but others do not at the same altitude [16] . Those who do such individuals are quite likely to develop high-altitude pulmonary edema, a form of advanced altitude disease [18] . When these observations are considered together, a smaller degree of pulmonary hypertension or right ventricular hypertrophy at a high-altitude indicates better adaptability to it. In fact, the Ht is significantly lower, the degree of pulmonary hypertension or right ventricular hypertrophy is markedly smaller, and the oxygen consumption is less in the pika, which is an animal completely adapted to a high-altitude, than it is in the rat [3] . Moreover, HPV is significantly smaller in the pika than in the rat [19] . In this study, the blue-sheep has significantly low levels of the hematocrit and pulmonary artery pressure and a low degree of right ventricular hypertrophy compared with pigs. HPV and oxygen consumption are also significantly smaller in the blue-sheep than in the pigs.
In terms of oxygen consumption, which was significantly smaller in the blue-sheep and the pika [3] than in the rat and pigs, the acquisition of such ability is considered to be a major characteristic of high-altitude adaptation. Physiological homeostasis must be maintained by a smaller oxygen intake to maintain life in a high-altitude environment with sparse oxygen. The high arterial blood oxygen saturation and PaO 2 in the blue-sheep at high altitudes are considered to be characteristics of animals completely adapted to high altitudes. To strengthen our results, we also have had interest in the thickness of the pulmonary vascular wall of the blue-sheep at low altitudes since Tucker et al. [20] documented a strong positive correlation between the thickness of pulmonary arterial smooth muscle at low altitudes and the development of pulmonary hypertension at high-altitudes. We don't know if the blue sheep fits Tucker's concept.
In conclusion, among mammals, the blue-sheep and the pika, animals living in the highest altitudes in the world, have developed almost the same physiological adaptation mechanism for a high-altitude environment as a result of their long history of habitation in highlands through a natural selection of better-adapted individuals.
